Background and rationale Steven R. Goldberg was a pioneering behavioral pharmacologist whose intravenous drug self-administration studies advanced the understanding of conditioned stimuli and schedules of reinforcement as determinants of pattern and persistence of drug-seeking behavior, and in particular, the importance of nicotine in tobacco use. His passing in 2014 led to invitations to contribute articles to psychopharmacology dedicated to his work. Objectives The objectives of this review are to summarize and put into historical perspective Goldberg's contributions to elucidate the reinforcing effects of nicotine and to summarize the implications of his research for medication development, tobacco regulation, and potential tobacco control policy options. This includes a review of intravenous nicotine selfadministration research from the 1960s to 2016. Results Goldberg's application of behavioral pharmacology methods to investigate nicotine reinforcement and the influence of schedule of reinforcement and conditioned stimuli on nicotine administration contributed to the conclusions of the US National Institute on Drug Abuse, and the Surgeon General, that nicotine met the criteria as a dependenceproducing drug and cigarette smoking as a prototypic drug dependency or Baddiction.^Equally important, this work has been systematically extended to other species and applied to address a range of factors relevant to tobacco use, medication development, regulation, and public health policy. Conclusions Steven R. Goldberg was a pioneering scientist whose systematic application of the science of behavioral pharmacology advanced the understanding of tobacco and nicotine use and contributed to the scientific foundation for tobacco product regulation and potential public health tobacco control policy development.
Introduction
In 1981, Steven R. Goldberg and colleagues published their pioneering primate intravenous (IV) nicotine selfadministration (SA) paper that contributed to an escalation in nicotine research by the National Institute on Drug Abuse (NIDA) and NIDA director William Pollin's testimony to the US Congress that nicotine met all the criteria as a dependenceproducing drug (Goldberg et al. 1981 ; US Department of Health and Human Services (DHHS) 1984a; Henningfield 2004 Henningfield , 2011 . More than three decades of perspective suggests that the paper's concluding sentence was a considerable understatement of the actual impact of their work: BSecond-order schedules of nicotine injection may therefore provide a useful experimental technique for examining environmental and pharmacological factors that contribute to the maintenance of tobacco use by humans^ (Goldberg et al. 1981, p. 575) . In fact, they had elucidated keys to nicotine's potential powerful reinforcing effects: a combination of small, rapidly delivered doses, in the context of discrete environmental stimuli, under intermittent schedules of reinforcement. This was the first robust laboratory model for cigarette-delivered nicotine.
When Goldberg began researching nicotine in the late 1970s, it was not considered an addictive drug by the US Surgeon General or NIDA (Henningfield 2011; U.S. DHHS 1988 U.S. DHHS , 2014 . Nor did either the American Psychiatric Association (APA) or World Health Organization (WHO) recognize tobacco/nicotine dependence as a disease in their diagnostic manuals. Today, the cigarette is considered among the most addictive manufactured products on the planet and tobacco control among the major global public health challenges (WHO 2016a). Goldberg would have been the first to acknowledge that many other scientists and scientific approaches contributed to understanding the role of nicotine in tobacco use, but this commentary and review is focused on his impact.
History and context at the dawn of nicotine self-administration research
In the 1970s, psychiatrists and scientists such as Michael Russell in London, Murray Jarvik and Charles Schuster in the USA, and leadership at NIDA began to seriously consider the possibility that cigarette smoking could be a form of drug dependence and that nicotine might meet the accepted criteria as a dependence-producing drug (Henningfield 2011) . The first NIDA director, Robert DuPont, and the next director, William Pollin, convened conferences that led to NIDA monographs that discussed nicotine as potentially meeting the criteria as an Babusable^and Bdependence-producing drug^and that cigarette smoking could be considered a form of drug dependence (Jarvik et al. 1979; Krasnegor 1978 Krasnegor , 1979a Krasnegor , 1979b Pinney 1979) . Conference participants included leading tobacco and nicotine researchers Jarvik and Russell; psychiatrist Jerome Jaffe; and psychologists and behavioral pharmacologists including Ellen Gritz, Schuster, and Norman Krasnegor. The conferences contributed to the inclusion of dependence and withdrawal in the American Psychiatric Association (APA) Diagnostic and Statistical Manual (APA 1980) . The conferences also identified key gaps in knowledge that prevented the Surgeon General's reports from concluding that nicotine met the criteria as an addicting drug (US Department of Health, Education, and Welfare (HEW) 1964, 1979) .
The absence of a definitive conclusion on nicotine in 1979 prompted the Secretary of Health and Human Services, Joseph Califano, to direct Office on Smoking and Health Director John Pinney to meet with NIDA director Pollin to request that NIDA determine if nicotine met the criteria as an addictive drug and if cigarette smoking should be considered a form of drug dependence. A related practical policy and consumer issue was whether cigarette package warning labels should include an addiction warning as had been suggested by some (Brandt 1982; Pollin 1982) . At that time, the quickest way to accomplish this was through NIDA's Intramural Research Program (IRP), the Addiction Research Center (ARC), which had a history of rapidly exploring and characterizing the pharmacological basis of substance use and abuse (see Tables 1 and 2) .
At approximately the same time, Goldberg, who was recognized as one of the nation's premiere preclinical (animal) drug SA researchers, had turned his attention to nicotine in the Laboratory of Psychobiology at Harvard Medical School. Preclinical drug SA studies were among the most wellvalidated tools for predicting the liability of a drug for abuse and/or addiction (Ator and Griffiths 2003; FDA 2010a; Griffiths et al. 1980) . The director of the NIDA ARC, Donald Jasinski, invited Goldberg to give a seminar on his initial findings. Jasinski then recruited Goldberg to the ARC preclinical program Lexington, Kentucky in 1979 while maintaining his collaboration with Roger Spealman at Harvard. Goldberg's wife, Donna Goldberg, was an active collaborator.
Shortly thereafter, Jasinski recruited Jack Henningfield in 1980 to lead the clinical and human behavioral pharmacology research, then Edythe London in 1981, to lead the neuropharmacology research on nicotine. Meanwhile, the ARC was relocating from Lexington, Kentucky to The Johns Hopkins Bayview Campus in Baltimore, starting in 1979 (Campbell 2007 ). Goldberg and other ARC preclinical researchers were reestablished on the Bayview campus beginning in1981, and collaborations among Goldberg, Henningfield, and London developed quickly.
By 1982, the ARC research supported the joint testimony of the Secretary of DHHS, William Brandt, Surgeon General C. Everett Koop, and NIDA Director William Pollin in a March 11, 1982 congressional hearing on the proposed Comprehensive Smoking Prevention Education Act (Brandt 2007; Kluger 1996; Proctor 2012 ; US House of Representatives, 1982) . They testified that cigarettes were addictive, that cigarette smoking could be a drug addiction, and that cigarette packages should warn that cigarettes are addictive. Secretary Brandt stated B… on the basis of research conducted by the National Institute on Drug Abuse, it is our view [that] cigarette smoking represents a prototypic dependence process and in fact is the most widespread example of drug dependence in this country^ (Brandt 1982 ). Pollin's testimony was expanded into the 1983 US Public Health Service educational publication, BWhy People Smoke Cigarettes,^which concluded that Bsmoking can be more than just a 'bad habit', that it can be a drug dependence and addictive behavior ( DHHS 2014) .
The recommendation that cigarettes should include an addiction warning in 1982 was met with strong opposition by the tobacco industry and its supporters in the Congress (Brandt 2007; Kluger 1996; Proctor 2012) . In negotiations leading to the 1984 Comprehensive Smoking Education Act by the US Congress, the potential addiction warning was essentially traded for the warning that Bcigarette smoke contains carbon monoxide^ (Kluger 1996; pp. 543-549; see also Brandt 2007; Proctor 2012) .
The importance of nicotine and tobacco behavioral pharmacology research had been established, and NIDA's extramural research funding on tobacco increased rapidly over the 1980s. This included research on the molecular genetics of nicotine, the behavioral economics of tobacco use, and the treatment innovations. Research on the reinforcing effects of nicotine and other tobacco and nicotine research supported Surgeon General Koop's call to develop a report on addiction in 1987, resulting in the 1988 Surgeon General's report: nicotine addiction (US DHHS 1988).
Steven R. Goldberg's approach to nicotine self-administration research What was it about Goldberg's approach that helped NIDA to move so quickly and definitively? He was not the first to demonstrate nicotine SA. He was, however, the first to bring together the pharmacologic and environmental factors in a way that generated the robust behavior typical of cigarette smoking and other drug dependencies in a model that was National Institute on Drug Abuse (NIDA) convenes expert meetings that included both addressing the potential characterization of nicotine and tobacco as dependence-producing substances and identifying gaps in scientific knowledge and research (Jarvik et al. 1979; Krasnegor 1978 Krasnegor , 1979a Krasnegor , 1979b Pinney 1979) validated with several control approaches. This was no accident. When Goldberg turned his attention to nicotine, initially in collaboration with Spealman, he had a decade of invaluable experience to take on the understanding of the complex effects of this drug that had yielded equivocal effects in earlier studies (e.g., Griffiths et al. 1980; Goldberg 1983a, 1983b; Henningfield et al. 1981; Russell 1979 ). Goldberg's approach flowed from his graduate program at the University of Michigan, Ann Arbor, where his graduate advisor was Charles Schuster, co-pioneer of primate IV drug SA with Travis Thompson (Schuster and Thompson 1962; Schuster 1964, 1968) . That program was a hotbed of established and emerging scientists including Maurice Seevers; Gerald Deneau; Tomoji Yanagita; Julian Villarreal; and fellow Schuster doctoral student, James Woods (Campbell 2007 (Campbell , 2009 May and Jacobson 1989; Schuster 1991) . In this program, diverse substances were explored for potential reinforcing and dependence-producing effects (e.g., Deneau et al. 1969; Yanagita et al. 1963 ).
Goldberg's doctoral thesis addressed the importance of environmental stimuli in drug use, focusing on opioids (Goldberg 1970; Goldberg and Schuster 1970) . He also studied the effects of what seemed to be very small doses of opioids and the effects of experience on their subsequent behavioral effects (Goldberg et al. 1971) . The importance of drugassociated stimuli (Bconditioned stimuli^) in generating more persistent behavior than by the presentation of drug alone was an area of particular interest in his studies involving opioids and cocaine (Goldberg 1973) . This had been a focus of research and clinical application by addiction pioneers such as the early ARC director Abraham Wikler (Campbell 2007; Goldberg 1976; Wikler 1965 Wikler , 1973 . By the 1970s, behavioral pharmacology studies of cigarette were also beginning to elucidate the importance of environmental stimuli on cigarette smoking (e.g., Gritz 1978) . Goldberg thus came to understand that the strength and persistence of behavior leading to SA of a drug was due to factors far beyond the pharmacology of the drug. It included what he described as the functional behavioral effects of the drug that could be greatly increased by the conditions of drug availability (Bschedule of reinforcement^), dosing conditions, and conditioned environmental stimuli (Goldberg 1976; Goldberg personal communication to JEH 1982 .
Goldberg subsequently extended his work examining interactions of drug dose and the conditions of drug availability (Bschedule of reinforcement) and conditioned stimuli with Hoffmeister and colleagues at Bayer's Institute of Pharmacology in Germany (e.g., Goldberg et al. 1971) . He continued this work in the Laboratory of Psychobiology, Harvard Medical School, in collaboration with Roger Kelleher, William Morse, and Roger Spealman (e.g., Goldberg and Kelleher 1976; Spealman and Goldberg 1978) . Of particular relevance to cigarette smoking were his Griffiths et al. 1980; Thompson and Schuster 1968) and remains an important methodology relied upon by NIDA, FDA, and DEA, as well as WHO (The Expert Panel 2003; FDA 2010a FDA , 2015 Schuster and Henningfield 2003) . The most important human counterpart in abuse/dependence potential assessment is self-report studies (Bliking studies^) of a drug's effects. Applying the 8-factor assessment, FDA determined that nicotine met criteria for potential control by placement in Schedule III of the Controlled Substances Act (FDA, 1995 (FDA, , 1996 .
These methods of assessment were increasingly utilized to evaluate tobacco and nicotine in the 1970s (Carter and Griffiths 2009; US DHHS 1988) . The cigarette provides an extraordinarily efficient and effective form of nicotine delivery that has been designed over decades based on research and market experience to optimize its reinforcing and addictive potential (FDA 1995 (FDA , 1996 Kessler 2001; US DHHS 2010 , 2014 WHO 2001) . Both the US Controlled Substances Act and the international drug control treaties (Spillane and McAllister 2003) exempt tobacco and tobacco products along with alcohol and alcoholic beverages from international control and scheduling based on social and political factors rather than scientific evaluation. Nonetheless, the methods described above are among those recommended by FDA in its guidance documents pertaining to abuse liability assessment of tobacco products (FDA 2012) . Nicotine in products regulated as medicines is not exempt from CSA scheduling, and medicines that rival cigarettes in abuse potential could be regulated as controlled substances (FDA 1995; Henningfield et al. 2009 ).
studies involving second-order schedules of reinforcement in which stimuli associated with drug administration came to serve as reinforcing stimuli, capable of sustaining complex and persistent chains of behavior in the absence of drug administration and with only intermittent drug administration that was paired with those stimuli. Goldberg and colleagues applied this approach to cocaine (Goldberg 1973; Goldberg and Kelleher 1976) and morphine (Goldberg et al. 1975 (Goldberg et al. , 1979 Goldberg and Tang 1977) before studying nicotine. He also learned to evaluate the conditions under which electric shock, cocaine, and opioids could serve to maintain the behavior that led to their administration (as positive reinforcers) or to the prevention of their administration (negative reinforcers) (Barrett and Stanley 1980; Goldberg 1980; Spealman 1979) . By the time he took on the challenge of evaluating nicotine, he was well experienced in characterizing the positive and negative reinforcing drug effects. He had also refined procedures for evaluating the importance of conditioned environmental stimuli in extended chains of behavior for intermittent drug reinforcement by varying the parameters of the schedules or conditions of drug reinforcement following emerging principles of behavioral pharmacological assessment (e.g., Thompson and Schuster 1968 ) (see Table 3 ). All of this perspective and experience came together in the design of the 1981 study published in science (Goldberg et al. 1981) . In that study, squirrel monkeys could receive injections of very small doses of nicotine (30μg/kg) by pressing levers. Up to 12 injections could be obtained in the 90-min test sessions on a fixed interval (FI) schedule of either 1 or 2 min in which pressing the lever ten times (fixed ratio or FR 10) after the FI of a 1-or 2-min interval had elapsed. Injections were paired with the illumination of a green light that was also illuminated upon completion of every FR 10. Although the animals only had to press the lever ten times at the end of the FI schedule to receive a nicotine injection, the animals would press the lever rapidly and complete many FR 10 schedules.
The main findings were summarized in the abstract of the paper as follows: BSquirrel monkeys pressed a lever at high rates under a second-order schedule of reinforcement in which lever pressing produced a brief visual stimulus that was occasionally contiguous with an intravenous injection of nicotine. The rate of lever pressing could be markedly reduced either by substituting saline for nicotine injections or by blocking the effects of nicotine with mecamylamine. The rate of lever pressing could also be reduced by eliminating the brief visual stimulus. These results show that nicotine can function as an effective reinforcer under a second-order schedule of drug self-administration and that an environmental stimulus associated with nicotine intake can contribute to the maintenance of persistent drug-seeking behavior ( Goldberg et al. 1981, p. 573) .
Goldberg et al. thus elucidated an important key to nicotine's potentially powerful reinforcing effects: a combination of small rapidly delivered doses, each under the control of the organism, in the context of discrete environmental stimuli, and under intermittent schedules of reinforcement (1981) . In the opinion of these authors, this was the first published robust preclinical laboratory model for cigarette smoking. As discussed further on, studies that Goldberg would complete involving nicotine in animals and humans would apply many of these same techniques and thereby contribute to the understanding of nicotine as a behavior-controlling and addicting drug.
Review of other intravenous nicotine self-administration research 1960s-1980s: overview of intravenous nicotine self-administration research
There were few IV nicotine SA studies prior to the Goldberg et al. 1981 study, and they have been reviewed elsewhere (Corrigall 1999; Griffiths et al. 1980; Henningfield 1984; Goldberg 1983a, 1983b; U.S. DHHS 1988 U.S. DHHS , 2010 . In brief, they demonstrated that nicotine SA could occur under certain conditions but the emerging behavior was not strong enough to lead to the conclusion that nicotine could serve as a robust reinforcer similar to prototypic substances of abuse such as morphine, cocaine, or alcohol (cf. Griffiths et al. 1980; Henningfield et al. 1981; Russell 1979) .
The first study in the 1960s that was widely acknowledged as important in IV nicotine SA research was actually a cigarette smoke SA study. Led by Schuster, the study involved the method of administering a drug to subjects who were free to self-administer the same drug by the same or a different route of administration (cf, Griffiths et al. 1980; Howell and Fantegrossi 2009; Meisch 1977 Meisch , 2001 Meisch and Lemaire 1993; Poling and Byrne 2000) . Specifically, Lucchesi et al. (1967) allowed cigarette smokers to smoke ad libitum in test chambers. The subjects had been catheterized to enable infusion of either saline or nicotine. Nicotine was slowly infused (each dose over 20 min once per hour) for a total of 6 mg per 6-h session in one group (n = 4) and 22 mg in the other group (n = 5). These doses Bdid not produce subjective effects ( Lucchesi et al. 1967, p.795) ; nonetheless, the higher dose significantly decreased cigarettes smoked and the amount of each cigarette that was smoked, leading to the conclusion Bthat nicotine plays a small but significant role in the smoking habit and that part of the craving for a cigarette can be satisfied by the intravenous administration of the alkaloid^(p. 795).
About the same time as the Lucchesi et al. study and in the same laboratory where Goldberg was training, Deneau and Inoki (1967) conducted the first study demonstrating nicotine SA. Nicotine was available for IV SA by seven rhesus monkeys at several doses. While the description of the protocol FDA 2010a FDA , 2015 , whereas FDA's Center for Tobacco Products seems to prefer the term abuse liability (FDA 2010b (FDA , 2012 . Addiction
The more commonly used term for dependence (APA DSM-III and IV and WHO ICD-10) or substance use disorder (APA 1980 (APA , 1994 (APA , 2013 WHO 1994 ). Addiction has not been used in diagnostic nomenclature by APA since DSM-III or by WHO in its ICD 9 or ICD 10; however, APA, WHO, NIDA, and many other organizations used the term addiction in broader communications (Henningfield 2004; US DHHS 1988 , and WHO 1994 , 2016a . NIDA also provides a definition for addiction that can also be useful to explain its hallmarks at a general level: "addiction is a chronic, relapsing brain disease that is characterized by compulsive drug seeking and use despite harmful consequences. It is considered a brain disease because drugs considered addictive produce measurable changes in brain structure and function presumed to be associated reinforcement, tolerance, physical dependence, and other effects. These brain changes can be long lasting and can lead to many harmful, often self-destructive, behaviors" (NIDA 2014). Behavioral pharmacology Behavioral pharmacology may be considered an outgrowth of B.F. Skinner's radical behaviorism catalyzed by his own early applications of behavior analysis to the characterization and understanding of the behavioral effects of drugs (Laties 2003) . Even though other disciplines such as neuroscience increasingly employ behavioral pharmacology models, they remain independent disciplines. As Skinner put it, their "subject matters are distinct," with the former focused on characterizing and understanding observable behavior and its determinants, focusing on operant behavior (see below and discussion including various comments by Skinner brought together by Zilio 2016). Although a distinct discipline, behavioral pharmacology contributes to the broader field of the experimental analysis of behavior in general, as well as to neuroscience, drug and tobacco regulation, and other disciplines and applications (Branch 2006; Poling and Byrne 2000 Thompson and Schuster 1968; Zilio 2016) .
Classical or Pavolvian conditioning
This process involves automatic, (i.e., naturally occurring reflexive responses) called unconditioned responses (UR) or unconditioned stimuli (US), (e.g., food; sex; water; cocaine; or aversive stimuli such as electric shock, physical assault, or sickness-inducing substances) in which the association of a previously neutral stimulus (e.g., auditory, visual, taste, or olfactory stimulus) comes to elicit the same physiological and emotional responses (e.g., salivation, increased heart rate blood pressure, nausea, eye blink, "pleasure," or "fear") as the US. When the neutral stimulus elicits similar responses to the US, it is then termed a conditioned/conditional stimulus (CS) and the response that occurs following the presentation of the CS then termed a conditioned/ conditional response (CR). Operant or instrumental conditioning Pioneered by B.F. Skinner, this process is a "voluntary" behavior that is maintained by its consequences, e.g., by the response-producing presentation of primary ("intrinsically") positively reinforcing stimuli such as food, sweet flavor, or cocaine or by response producing removal or avoidance of primary negatively reinforcing stimuli such as electric shock, temperature extremes, or drug withdrawal. Thus, if presentation of the stimulus increases the frequency of the behavior (e.g., drug self-administration), then the reinforcer is technically functioning as a positive reinforcer (generally referred to as a reinforcer or even more colloquially as a reward). A negative reinforcer has the same effect on behavior but is demonstrated when removal of a stimulus leads to increasing the frequency of the preceding behavior. Conversely its presentation following the emission of a behavior can suppress that behavior (operationally referred to as a punisher or punishment). Stimuli that come to serve as reinforcers (positive or negative) following association with primary reinforcers are termed conditioned reinforcers. Stimuli that set the occasion for behaviors that will lead to the presentation of positive reinforcers or avoidance of negative reinforcers (whether primary or conditioned) are termed discriminative stimuli. Outside of the laboratory, the interrelationships between stimuli and behavior become extended and complex with initially neutral stimuli acquiring multiple functions. For a heroin user or cigarette smoker, word talk of heroin or cigarettes or the sights or smells associated with the substances may elicit feelings associated with substance administration and/or withdrawal including craving, and occasionally behaviors leading to the self-administration of the substance. Several hours of deprivation of either substance may be associated with internal (interoceptive) feelings associated with the onset of withdrawal, which may occasionally cause substance seeking. This process is powerfully maintained both by both avoiding the adverse impending effects of withdrawal and by the positively reinforcing effects of substance administration. Most of the behavior of people is in fact occasioned by discriminative stimuli and reinforced or suppressed by conditioned stimuli and not the physiologically needed or biologically reinforcing or punishing stimuli that may have been important in endowing once neutral stimuli with such powerful behavior modifying effects. Physical (or "physiological") dependence and withdrawal Physical or physiological dependence refers to the state of the organism after repeated ("chronic") administration of a drug such that tolerance (diminished responsiveness to the drug) is present and a state of neuroadaption is presumed to have occurred. When this has occurred, abrupt abstinence of the drug (or administration of an antagonist drug) will lead to the emergence of the clinical syndrome or disorder that is termed withdrawal.
was not detailed, it appears that a single lever press was programmed to produce an injection. There was no description of potentially associated stimuli. Protocols that allow for more conclusive determination of the drug's reinforcing potential, such as comparison to saline or manipulation of the schedule of reinforcement, were not employed (cf. Ator and Griffiths 2003; Howell and Fantegrossi 2009; Meisch 1977 Meisch , 2001 Thompson 1968, 1970; Thompson and Schuster 1968) . Nicotine SA rates were highly variable within and across monkeys, although in general, as the doses were increased, SA rates tended to decrease. The authors' conclusions were appropriately cautious: BIt is clear that under certain circumstances, monkeys will self-administer nicotine intravenously… the fact that monkeys will self-administer nicotine at all suggests that this alkaloid may be one of the substances in tobacco smoke which is responsible for man's use of tobacco… Other routes of self-administration by experimental animals should also be tested before any conclusions can be drawn concerning the relationship of self-administration of nicotine by animals and tobacco smoking in man^ (Deneau and Inoki 1967, p. 279) . Subsequently, Yanagita, who had trained with Deneau in the Michigan laboratory (e.g., Deneau et al. 1969) , evaluated nicotine in a primate SA model in Japan under a broader range of conditions, confirming that nicotine SA could occur but with a reinforcing effectiveness that appeared substantially weaker than the comparator drug, cocaine (Yanagita et al. 1974 ; see also Manzardo et al. 2002) . Griffiths et al. (1979) evaluated IV nicotine SA in baboons: it did not serve as a reinforcer. However, subsequent studies in the same laboratory Griffiths 1980, 1983) demonstrated that nicotine could serve as a reinforcer, albeit an apparently weak one. Independently, a doctoral trainee of Thompson and Pickens, Dougherty and his colleagues (1981) used a second-order schedule technique resulting in nicotine reinforcement; however, the model required several months of training, and the SA behavior was not robust; the investigators did not continue the research.
A series of studies in the late 1970s and early 1980s on nicotine SA in hooded rats was conducted at the University of Melbourne and La Trobe University in Victoria, Australia (Lang et al. 1977; Latiff et al. 1980; Singer et al. 1978 Singer et al. , 1982 Smith and Lang 1980) . They demonstrated nicotine SA; however, the behavior was not robust and doseresponse relationships were inconsistent. Somewhat similar results were obtained by Hanson et al. (1979) at the Merck Institute for Therapeutic Research in Pennsylvania. Hanson et al. also found that the centrally acting nicotinic antagonist mecamylamine, but not the peripherally acting antagonist pentolinium, altered nicotine SA, suggesting that central effects of nicotine were of functional importance in SA.
In the early 1980s, a promising IV nicotine SA model in rodents was developed by Philip Morris researchers DeNoble and Mele in its Richmond Virginia laboratory. DeNoble had done a postdoctoral fellowship under Meisch and Thompson at the University of Minnesota and was well trained in behavioral pharmacology methods and drug SA. DeNoble and Mele established nicotine SA in rodents, employed placebo controls, manipulated the dose and reinforcement schedule, and evaluated the effects of various pretreatment drugs to explore the reinforcing effects of nicotine. Unfortunately, the DeNoble and Mele results were suppressed by Philip Morris and were virtually unknown outside of Philip Morris until they were disclosed in a congressional testimony in 1994 by Henningfield and Kessler (FDA 1995; Henningfield 1994a Henningfield , 2004 Kessler , 2001 (Corrigall and Coen 1989) . They went on to use the model to more thoroughly understand the effects of nicotine as compared to those of cocaine and other drugs, as well as physiological mechanisms of action as discussed further in the next section of this article (Corrigall et al. , 1994 Coen 1991a, 1991b) . The Corrigall and Coen model opened the door to an era of rapid advance in the understanding of tobacco dependence and its neuropharmacology and molecular genetics and to the more rapid evaluation of potential treatment medications.
Other self-administration research by Goldberg and colleagues during the 1980s
Goldberg's nicotine SA work advanced rapidly after he joined the NIDA ARC in 1979. Modeling several aspects of Goldberg's model, Henningfield and Yanagita protégé, Cigarettes and other forms of tobacco are addicting II. Nicotine is the drug in tobacco that causes addiction III.
The pharmacologic and behavioral processes that determine tobacco addiction are similar to those that determine addiction to drugs such as heroin and cocaine (US DHHS, 1988) Miyasato, established IV nicotine SA in cigarette smokers (Henningfield et al. 1983 ). This led to collaborations between Henningfield and Goldberg that included their development of human studies specifically designed to closely parallel Goldberg's non-human primate studies in the nature of the schedules of reinforcement and various experimental manipulations and use of injection-associated visual stimuli as discussed earlier (e.g., Henningfield and Goldberg 1983a,b; Goldberg and Henningfield 1988 ). Goldberg, in collaboration with Spealman at Harvard, and Risner and Henningfield, at NIDA, continued IV nicotine SA research. They demonstrated robust maintenance of animal and human SA behavior under second-order schedules of drug reinforcement, dose-related effects, and also demonstrated that nicotine, like cocaine, can serve as a negative reinforcer and sustain behavior that would prevent automatically programmed injections from being administered. Increasing the fixed ratio requirements led to increased rates of responding that were generally comparable in monkeys and humans (Goldberg and Henningfield 1988; Spealman 1982, 1983; Goldberg 1983a, 1983b; Risner and Goldberg 1983; Spealman and Goldberg 1982) .
Unfortunately, their work also attracted attention of the tobacco industry and the eventual pressure by the White House director of the Office of National Drug Policy, Carlton Turner, in 1985, to suggest to ARC Director and Acting NIDA Director Jaffe that Henningfield and Goldberg should discontinue the nicotine human research (Kessler 2001 ). Henningfield and Goldberg were not pleased to discontinue their research; however, they believed that by that point, enough research had been published that there was little question on nicotine's function as a powerful positive reinforcer for humans, and they agreed to discontinue the human studies in 1985 (cf. Henningfield 2004 Kessler 2001; McGarity and Wagner 2008) . Some of the work that had been in progress was eventually published as discussed in the next section (Harvey et al. 2004 ). The human IV drug SA model was applied to other drugs, and Henningfield and Goldberg, in Henningfield mailed letters of request to tobacco and nicotine researchers, including DeNoble. In response, DeNoble provided manuscript drafts of papers that were described as Bin press.^Some months later, Philip Morris ordered DeNoble and Mele to withdraw the papers submitted for publication and request that potential citations of the unpublished work be rescinded. DeNoble and Mele were required to turn all materials related to the studies in their possession to Philip Morris and to close the laboratory (Barry 2006; FDA 1995 FDA , 1996 Henningfield et al. 2006a; Kessler 2001) . DeNoble telephoned Henningfield and, without discussing the foregoing detail, asked Henningfield not to cite the DeNoble work mentioning only that his approval to publish it had been rescinded by his employer. Henningfield deleted mention of DeNoble and Mele's work from the NIDA report to congress and other papers he was working on; however, inadvertently, he failed to retract a one-sentence mention in a subsequently published article (Henningfield 1984 (Henningfield , 1994b .
Apparently, unbeknownst to DeNoble and Mele, Henningfield's copies of the draft paper (and another) were retained in his NIDA files, dormant until the 1994 FDA investigation of tobacco products that led to his providing copies to FDA Commissioner Kessler in March 1994 and their subsequent disclosure before the US Congress; Kessler had clearly come to appreciate the scientific and regulatory importance of such selfadministration work that was done by a company whose public position had been to deny that nicotine met criteria as an addictive drug. Kessler described the paper as Ba bombshell^ (Kessler 1999 (Kessler , 2001 (Henningfield, 1984) . This precipitated a letter of explanation by Henningfield to Congressman Waxman to apologize for his inadvertent and forgotten inclusion of a sentence in the review article that did mention DeNoble and Mele's research and for not disclosing this in his March 25 congressional testimony (Henningfield 1994b) .
From scientific, public health, and policy perspectives, censorship of DeNoble and Mele's studies was most unfortunate, as the model they had developed, along with important initial findings, would likely have served the field well as was evidenced by Corrigall and Coen publishing their similar and independently developed rodent nicotine self-administration model in 1989. DeNoble and Mele, had, in fact, conducted a series of studies that evaluated nicotine under a broad range of conditions, including the various parametric manipulations such as dose and work effort (Bresponse cost^according the reinforcement schedule). Additionally, they included appropriate control procedures such a saline substitution for drug, making drug available again, and the various types of antagonists to evaluate the selectivity of nicotine's behavioral actions. In other words, they employed state-ofthe-art behavioral pharmacology strategies helpful in characterizing the reinforcing effects and abuse liability of substances as described by others contemporarily and more recently (e.g., Ator and Griffiths 2003; Carter and Griffiths 2009; FDA 2010a; Griffiths et al. 1980; Howell and Fantegrossi 2009; Meisch and Thompson 1974; Meisch 1977 Meisch , 2001 ).
Additionally, DeNoble and Mele found that other chemicals found in cigarette smoke could contribute to the reinforcing effects of nicotine. In particular, it was found that the common tobacco smoke constituent acetaldehyde can serve as a reinforcer in its own right and is a contributor to the dependence-producing effects of alcohol (DeNoble 1994; Henningfield and Zeller 2006; Mele 1994) . This work was important in helping to understand why pure nicotine, e.g., as administered in NRT products, does not and cannot mimic or fully replace the effects of smoke-delivered nicotine. Of course, many other factors contribute as well, including the rapid spiking arterial boli produced by inhalation of nicotine smoke but not by nicotine replacement medications. Taken together, the results suggested that DeNoble and Mele had established a model that would be useful in further elucidation of the abuse liability of nicotine, its mechanisms of action, as well as in the evaluation of potential therapeutic medications in a rodent model.
collaboration with other NIDA colleagues, conducted parallel human and squirrel monkey studies on cocaine and morphine SA (Henningfield et al. 1987; Lamb et al. 1991; Panlilio and Goldberg 2007; Panlilio et al. 2005 ).
Conclusions from the intravenous self-administration research through the 1980s
The main outcome of IV nicotine SA research from the 1960s to the 1980s was the establishment of IV SA models in rodents, non-human primates, and humans. The findings of these studies were important in supporting the conclusion that nicotine is appropriately categorized as an addictive or dependence-producing drug. In a mini-review, Goldberg and Henningfield (1988, p. 233) summarized their findings as follows: BThe series of studies reviewed show that nicotine by itself can serve as an effective reinforcer for humans and experimental animals, but it does so under a more limited range of conditions than do other reinforcers such as IV cocaine injection or food presentation. It is plausible that tobacco vehicles for nicotine administration (e.g., cigarette, chewing tobacco) provide the analogous factors of paired stimuli (e.g., taste and smell of tobacco) and intermittent dosing (e.g., multiple cigarettes and multiple puffs within each cigarette) which appear to strengthen the control of the drug over behavior^. By the 1990s, nicotine SA models were extended to address a far broader range of questions and applications.
1990s-2016: diverse applications serving medication development, regulation, and public health policy
With the reasonably well-established and validated SA models of the 1980s, the 1990s began a new era of nicotine SA research. It was an era of applying these models to new lines of research, discovery, treatment development, and support of regulation and policy. Goldberg and his colleagues continued to contribute. Below, we describe some of these methodological variations, including recent preclinical research that has contributed to expanding our understanding of nicotine reinforcement and dependence.
Variations in nicotine self-administration training and maintenance procedures
As established by Goldberg and colleagues decades earlier, the schedule of reinforcement used for nicotine SA has a large impact on the rate and pattern of SA. Contemporary researchers most often use an FR schedule in which a specific number of responses are required to receive a single IV infusion along with visual cues (Ator and Griffiths 2003; Corrigall 1992; Corrigall and Coen 1989; Donny et al. 1995; Howell and Fantegrossi 2009) . Cue delivery appears to be a critical factor in obtaining high rates of responding for nicotine ). Other schedules of reinforcement test the robustness of nicotine as a primary reinforcer by asking whether responding for nicotine is maintained when the Bcost^of nicotine (number of required responses) is progressively escalated (progressive ratio or PR schedules) (Diergaarde et al. 2012; Donny et al. 1999; Grebenstein et al. 2015; Roane 2008; Smith et al. 2015; Stafford et al. 1998) . These schedules may be thought of as tests of the value of a reinforcer (Hursh and Roma 2013) , and indeed, they demonstrate that, similarly to other drugs of abuse, subjects will continue to respond to nicotine in the face of escalating costs. The increasing use of nicotine SA since the 1990s has resulted in considerable variation in the model across experiments and between laboratories. Some researchers increase the speed of acquisition of nicotine SA by training rats to respond to another reinforcer (e.g., sucrose) before switching the reinforcer to nicotine (Garcia et al. 2014) . Studies also vary in the operandum they use for SA. Lever-pressing has historically been the operant used because it occurs at a low rate without any reinforcement. However, some researchers have recently started using nose-poking instead (Smith et al. 2013 , which is a more naturalistic response for rats and may increase the proportion that acquire SA and the rate of acquisition for studies in which rats acquire SA spontaneously (Clemens et al. 2010) . At least one paper has also argued that delivering nicotine more slowly with each infusion more closely models the delivery profile of nicotine seen in tobacco smokers (Sorge and Clarke 2009) . However, recent work by colleagues of Goldberg suggested that slower infusion rates decreased acquisition of SA (Wing and Shoaib 2013) . Recently, some of Goldberg's colleagues have further modified the SA model by concurrently providing sucrose as a secondary reinforcer in order to better model competing reinforcers more likely to be present in a natural environment .
Further modifications to SA procedures in recent years include increasing the length of SA sessions from 1 to 2 h per day to 22-23 h per day. Extended-access sessions produce similar nicotine SA dose-response curves , although the number of infusions and responses made each day tend to be greater in an extended-access session. Extended-access sessions may more closely model the patterns of exposure that results in dependence of smokers on nicotine, as rats have shown withdrawal signs after the termination of extended access sessions (O'Dell et al. 2007 ). However, some researchers have argued that extended access and limited-access sessions produce comparable levels of dependence if limited-access sessions are conducted 7 days per week (Paterson and Markou 2004) . Recently, one group of researchers provided rats with intermittent extended access, where the rats experienced 24-h breaks from the extended SA sessions. In this case, rats self-administer nicotine at a higher rate and showed increased somatic signs of withdrawal (Cohen et al. 2012) . It has been argued that this pattern of exposure and responding better models the development of nicotine dependence in smokers (Cohen et al. 2012 ).
Self-administration as tool for understanding the role of other stimuli in tobacco dependence
As discussed already, the second-order schedules used by Goldberg utilized the pairing of environmental stimuli with nicotine delivery, and his research was among the first to establish that the delivery of environmental stimuli that are occasionally paired with nicotine may be necessary for generating high rates of behavior in a model for smoking behavior. The more contemporary nicotine SA work has continued to build upon that notion by dissecting the role of environmental stimuli in maintaining reinforcement by nicotine. First, the stimuli may elicit a conditioned response similar to that of a nicotine effect, even in the absence of future nicotine delivery (i.e., the stimuli may act as conditioned stimuli). Second, the stimuli can come to act as conditioned reinforcers through frequent pairing with nicotine, an unconditioned reinforcer. Researchers have shown that these stimuli can maintain responding for nicotine in the absence of nicotine delivery (Palmatier et al. 2007 ). Third, the stimuli can act as discriminative stimuli by signaling that an operant response will result in nicotine reinforcement.
The nicotine SA model has also helped reveal nicotine as a general reinforcement enhancer. Non-contingentlyadministered nicotine increases the value of other rewards in the environment (i.e., reinforcement enhancement) Rupprecht et al. 2015) . Researchers have shown that rats will respond more for nicotine when it is delivered with a moderately reinforcing visual stimulus than they will for nicotine alone, and this effect is synergistic in that responding for nicotine along with the visual stimulus is greater than the sum of responding for nicotine alone and the visual stimulus alone ). This effect has since been generalized to reinforcers such as sucrose (Barrett and Bevins 2013) , contexts that have been paired with sucrose and cocaine in a conditioned place preference paradigm , and music in human smokers Karelitz 2013a, 2013b) . Nicotine can also enhance the value of conditioned stimuli that have become reinforcers through previous pairing with nicotine (Palmatier et al. 2007 ). Indeed, the high response rates for nicotine observed on second-order schedules of reinforcement by Goldberg may have been partially driven by nicotine enhancing the value of the environmental stimuli that were occasionally paired with nicotine. This effect is non-associative in that once the reinforcing value has been established, nicotine does not need to be paired with the stimulus in order for enhancement to occur (Donny et al. 2003) . This may have implications for the etiology of nicotine dependence because people often use tobacco in the context of many other stimuli (friends, alcohol, taste or feel of a cigarette). If nicotine increases the value of these other rewards, the persistence of smoking may increase. Consistent with the interpretation that reinforcement enhancement is involved in maintaining smoking behavior, some smoking cessation medications (bupropion and varenicline) also enhance other reinforcers in animal models .
More recently, some researchers have used nicotine SA to understand the relationship between nicotine and other tobacco constituents. Such research has explored whether constituents support SA alone, in combination, or in a nicotine solution (Arnold et al. 2014; Bardo et al. 1999; Belluzzi et al. 2005; Brennan et al. 2013 Brennan et al. , 2015 Caine et al. 2014; Clemens et al. 2009; Smith et al. 2015) . The state of this science is still in its infancy, but the SA model is being used as the gold standard for assessing whether these constituents alter the abuse liability of nicotine.
Self-administration as a tool for understanding risk factors for nicotine reinforcement and dependence While many individuals experiment with smoking, only a subset of the population transitions to regular smoking, and there is a great deal of variation among regular smokers in terms of rate of smoking and successful quit attempts (Agaku et al. 2014; Arrazola et al. 2015; Centers for Disease Control and Prevention 2011, 2012; Jamal et al. 2014) . The source of this variability remains unclear, but animal models can be useful for isolating possible risk factors and better understand the relationship between each factor and nicotine reinforcement. Indeed, Goldberg and his colleagues studied variables that might contribute to the risk of acquiring nicotine SA. For example, they have shown that exposure to other drugs, like caffeine and THC, may promote the acquisition of nicotine SA (Panlilio et al. 2013; Shoaib et al. 1999) . They have also shown that variability in the expression of α4β2* receptors prior to any drug exposure is related to motivation to self-administer nicotine, as measured by a progressive-ratio schedule (Le Foll et al. 2009 ).
The impact of age, sex, and genetics on nicotine reinforcement has been evaluated in IV nicotine SA studies. Adolescents represent a particularly important subpopulation for SA research because of the ethical limitations associated with conducting human adolescent research. The majority of research in this area has demonstrated an enhanced vulnerability to the reinforcing effects of nicotine in adolescent rodents Levin et al. 2003; Natividad et al. 2013) , and some researchers suggest that adolescent females might be especially vulnerable (Li et al. 2014; Lynch 2009 ). However, two recent reports have shown that adolescent rodents may be less sensitive to low doses than adults, with no sex differences (Schassburger et al. 2016; Shram et al. 2008 ).
Conflicting results from these studies could be due to a range of methodological factors including cue condition, training, feeding regimen, and the age of adolescents. In adults, Donny et al. (2000) showed that females acquire nicotine SA more quickly than male rats do at very low doses and respond more on a progressive-ratio schedule of reinforcement, suggesting increased motivation to obtain nicotine (Donny et al. 2000) . Female rats may also respond more for higher doses of nicotine, with no difference at low to moderate doses (Chaudhri et al. 2005; Feltenstein et al. 2012; Grebenstein et al. 2013 ). Several studies have also shown that female rats respond at a higher rate on the inactive lever than male rats do and respond more during the time-out period than do male rats, suggesting an increased sensitivity to the cues that have previously been paired with nicotine (Chaudhri et al. 2005; Donny et al. 2000) . Goldberg and his colleagues also found that there are differences between strains of rats in propensity to acquire nicotine SA (Shoaib et al. 1997 ).
Self-administration as a tool for understanding the neurobiology of reinforcement and dependence
Self-administration provides a unique opportunity to investigate the brain mechanisms involved in tobacco use and nicotine dependence. Genetic and pharmacological manipulations allow for investigation of whether or not a given mechanism is sufficient and/or necessary for various nicotine SA outcomes. While most of the research in this area has focused on the cholinergic system and nicotinic receptors, Goldberg and his colleagues studied the relationship between the cholinergic and cannabinoid systems (Gamaleddin et al. 2012; Scherma et al. 2008; Shoaib 2008 ; for a review see Scherma et al. 2016) contributing to the evaluation of potential tobacco dependence treatment medications that target the cannabinoid system (discussed below).
The work on nicotinic receptors has been useful for elucidating the role of specific subunits of the nAChR. It is now known that knockout mice missing the β2 nAChR subunit will not self-administer nicotine (Epping-Jordan et al. 1999; Picciotto et al. 1998; Pons et al. 2008) , and this is strong evidence that β2 subunits are necessary for nicotine reinforcement. Evidence regarding the α4 subunit is more mixed, with one study showing that knockout mice missing the α4 subunit will not self-administer nicotine into the tail vein (Pons et al. 2008) and another study showing they have similar rates of SA when a more traditional procedure is used (Cahir et al. 2011) . Knock-in mice, which have α4 receptor subunits that are hypersensitive, show increased nicotine SA (30 μg/kg/ infusion) (Cahir et al. 2011) . Rather than contributing to reinforcement, the α5 receptor subunit may be involved in regulating an upper limit on nicotine intake. Knockout mice lacking the α5 subunit self-administer nicotine at higher rates and at higher doses than do rats with the α5 subunit. Reexpressing the α5 subunit in the medial habenular removed this effect (Fowler et al. 2011 ).
Self-administration as a tool for medication development
Goldberg's work on the cannabinoid system led to an interest in whether drugs that target this system had potential as smoking cessation aids (Gamaleddin et al. 2013; Le Foll and Goldberg, 2005; Schindler et al. 2016) . However, his contributions extended to other neural targets including α-type peroxisome proliferator-activated receptors (PPARα) (Justinova et al. 2015; Panlilio et al. 2012) , group II metabotropic glutamate receptors (mGluR2 and mGluR3) (Justinova et al. 2015 (Justinova et al. , 2016 , dopamine receptors (Yan et al. 2012) , and α1-adrenoreceptors (Forget et al. 2010) . Clearly, the SA model has emerged as the gold standard for medication development (Chang et al. 2015; Cippitelli et al. 2015; George et al. 2011; Lee et al. 2014; Le Foll et al. 2012; Levin et al. 2008 , 2011 O'Connor et al. 2010 Rollema et al. 2007a Rollema et al. , 2007b Shoaib and Buhidma 2016) .
Self-administration studies have been useful in understanding the mechanism by which smoking cessation medications impact smoking. Some medications decrease the impact of nicotine withdrawal, but they may also decrease acute reinforcement from smoking or enhance the value of other reinforcers. As first established in 1967 by Lucchesi and colleagues (discussed earlier), delivering continuous infusions of nicotine (a model of nicotine replacement therapy) can decrease nicotine SA (LeSage et al. 2002 (LeSage et al. , 2003 Lucchesi et al. 1967) . Likewise, pretreatment with varenicline decreases nicotine SA (George et al. 2011; Le Foll et al. 2012; O'Connor et al. 2010; Rollema et al. 2007b ). Interestingly, although varenicline itself is not self-administered, it increases responding for a modestly reinforcing stimulus , suggesting that it may facilitate smoking cessation because it substitutes for nicotine's reinforcement enhancing effect. Data on bupropion are less clear. In some cases, bupropion has been shown to decrease nicotine SA (Rauhut et al. 2003 (Rauhut et al. , 2005 , but in others, it increases nicotine SA or shows no change (Rauhut et al. 2003; Shoaib et al. 2003) , and researchers have suggested that this depends on the dose of bupropion as well as the rate of responding for nicotine. Like varenicline, bupropion can increase responding for a moderately reinforcing visual stimulus, so it may also function to facilitate smoking cessation by acting as a reinforcement enhancer ).
Self-administration as a tool to guide potential tobacco regulation
One of the more novel ways in which nicotine SA is being utilized is as a tool for the ongoing science of tobacco regulation (Donny et al. 2012) . The 2009 Act granting FDA authority to regulate tobacco emphasized the importance of the science base for regulation (US Congress 2009). One area of regulatory science addresses the concept of FDA setting a limit (Bperformance standard^) on the nicotine in cigarettes to reduce their risk of producing dependence Henningfield 1994, 2013; Benowitz et al. 2016; Donny et al. 2014; Henningfield et al. 1998; World Health Organization 2015) . FDA-and NIH-supported clinical trials have begun to evaluate this concept in human volunteers (Benowitz et al. 2012; Donny et al. 2015; Hatsukami et al. 2010 Hatsukami et al. , 2013 . Preclinical IV SA research that has evaluated the threshold nicotine dose for maintaining behavior suggests that threshold likely lies between 3.75 and 7.5 μg/kg/infusion delivered over approximately 1 s (Grebenstein et al. 2013 (Grebenstein et al. , 2015 Smith et al. 2013) . The threshold nicotine dose for maintaining behavior appears the same regardless of whether nicotine is reduced gradually across sessions or immediately from one session to the next (Smith et al. 2013) . Furthermore, this threshold appears to be similar for acquisition of SA in rats that do not have a history with higher doses of nicotine . The threshold is similar in males and females, but females have higher levels of baseline intake and lower levels of compensation (Grebenstein et al. 2013) . Nicotine metabolism rate may also predict the threshold nicotine dose for maintaining behavior, with faster metabolizers having lower thresholds (Grebenstein et al. 2015) . Although in early stages, IV SA models appear promising in informing FDA evaluation of this regulatory approach.
Discussion
The consequences of the IV nicotine SA studies by Goldberg and others helped to fundamentally change the conception of cigarette smoking from Bhabituation^or Bhabit^to that of a true drug addiction or dependence disorder as concluded in the 1988 Surgeon General's report (US DHHS 1988 ), the FDA (1995 , 1996 , and the World Health Organization (2007, 2012, 2016a ) (see Table 4 ).This had far-reaching implications for tobacco control efforts aimed at preventing the development of tobacco dependence and promoting and aiding cessation efforts (US DHHS 2014; WHO 2016a). The understanding of nicotine as an addictive drug and smoking as a dependence disorder incentivized pharmaceutical companies to develop medications. It was also critical in FDA's determination that it had the authority to regulate cigarettes as drugs on the premise that people used them for their dependence producing and other effects (Ballin 1991; FDA 1995 FDA , 1996 Kessler 2001; Schultz 1997; US Congress 2009) . Today, ongoing IV nicotine SA research is funded by the FDA and NIH to continue to advance the science base for tobacco control efforts including tobacco product regulation with much of this research supported by user fees collected from the tobacco industry (FDA 2016a) .
There were also far-reaching consequences for litigation efforts against the tobacco industry. Put simply, as concluded in a Tobacco Institute document, B…the entire matter of addiction is the most potent weapon a prosecuting attorney can have in a lung cancer/cigarette case. We can't defend continued smoking as 'free choice' if the person was 'addicted' (Knopick 1980; Henningfield et al. 2006b ).^Furthermore, these findings were important in litigation that was settled with or won against major US tobacco companies in Mississippi in 1997 , in Florida in 1997 , in Texas in 1998 , and in Minnesota in 1998 , by 46 US State Attorney Generals in 1998 and by the US Department of Justice in 2006 (Henningfield et al. 2006b; Hurt et al. 2009 , US District Court 2006 . This litigation included the core premise that tobacco products are appropriately categorized as producing dependence.
Of particular relevance to tobacco product regulation is the understanding that the reinforcing effectiveness and hence addictiveness of tobacco products is not simply a function of nicotine but that the associated sensory stimuli are also important. Part of the key to the addictiveness of nicotine in tobacco products is likely the sensory factors modeled by Goldberg and colleagues as described in their 1981 publication: BIf nicotine functions as a reinforcer to maintain tobacco smoking, it is likely that its reinforcing effects are magnified by interactions with interceptive [e.g., CNS drug effects] and exteroceptive [e.g., environmental and sensory] stimuli associated with smoking such as taste, tactile sensation, and social setting. The temporal contiguity of these stimuli with the reinforcing effects of nicotine may result in the stimuli's acquiring conditioned reinforcing properties which further strengthen behavior. Consequently, nicotine might function more effectively to maintain self-administration behavior by laboratory animals if it were studied under conditions in which responding resulted not only in nicotine injections but also in presentations of environmental stimuli associated with injections^(p. 573).
Further, BThere has been a continuing need for a sensitive laboratory method for evaluating the reinforcing effects of nicotine^(p. 575).
Goldberg's model and findings from that model (as reflected in the above quote) capture the reality that there is low addiction risk for some forms of nicotine (e.g., nicotine gum) and very high in others forms (e.g., tobacco cigarette). As much as we have learned about the determinants of nicotine's effects, there is still need for research to examine the diverse sensory effects related to stimuli provided by tobacco products (e.g., organoleptic stimuli including tactile, visual, olfactory, and flavor sensations) and their packaging and marketing, as discussed elsewhere National Cancer Institute 2008 ; Scientific Committee on Emerging and Newly Identified Health Risks 2010; U.S. DHHS 2010; WHO 2007 WHO , 2012 ). An application of this knowledge is the refinement of existing medicines and or development of new products (e.g., modified risk tobacco products, electronic nicotine delivery systems) that have the potential to be substitutes for smoking without the same degree of abuse potential.
1 Current NRT products, despite their limitations in attractiveness and abuse liability, were steps in that direction and demonstrated the concept.
Going forward in public health efforts to control tobacco use and disease, IV nicotine SA studies may be of increasing importance as implied in the 2014 Surgeon General's report which discussed the potential importance of novel alternative nicotine delivery systems for mass migration away from combusted tobacco products for those who are unable or unwilling to completely give up some form of tobacco and nicotine (US DHHS 2014). For example, finding the right balance of attractiveness and abuse liability, while minimizing hazard potential, is a major challenge for the development and regulation of electronic nicotine delivery systems (Abrams 2014 (Abrams , 2015 Abrams and Niaura 2015; Brandon et al. 2015; Cobb et al. 2015; Evans and Hoffman 2014; Henningfield 2014 Henningfield , 2015 Shihadeh and Eissenberg 2015; Truth Initiative 2015; Vansickel et al. 2012) . Further understanding of sensory, environmental, and behavioral economic factors, as have already been explored in SA studies, seems essential for fully understanding these novel nicotine products.
While we have come far from the 1960 conceptualization of cigarette smoking as a voluntary habit, there is much to be done to turn the tide of one of the most devastating epidemics in history (Koop 2003 (Koop , 2010 US DHHS 2014; WHO 2016a) . Challenges include the following:
& Increased development and application of oral and inhalation SA models & Increased attention to the importance of sensory factors such as menthol in the risk of developing dependence and difficulty in quitting smoking & Increased approaches to reducing the abuse liability of combusted tobacco & Increased attention to factors specific to alternative nicotine delivery systems, including electronic nicotine delivery systems.
Finally, while the focus of this article has been on the approach and contributions of Steven Goldberg, it is also homage to the environment and community of researchers in which he developed and worked. The field of behavioral pharmacology that provided his scientific foundation must be highlighted given that Goldberg was nurtured by behavioral pharmacology pioneers such as Kelleher, Morse, and Schuster and worked in the outstanding laboratories of the University of Michigan, Harvard, and NIDA. Given his many collaborations and lifetime of accomplishments, it is likely that his work and thinking will be contributing for generations of scientists yet to come.
1 The FDA guidance document addressing modified risk tobacco products does not advocate for zero or minimal abuse potential of a modified risk tobacco product (MRTP) but requires evidence relevant to its pharmacological abuse liability and attractiveness in behavioral studies of youth, former smokers, and vulnerable populations (FDA 2012) . The level of abuse liability that is Btoo much^for a MRTP is not defined but will be evaluated by FDA and experts in the MRTP application review process.
